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same ionic size at a given coordination number (e.g. R Nb /R Ta = 1.000 and R Zr /R Hf = 1.006 to ~ 1.026 for coordination numbers of 6, 7, 8 and 12) . As a result, it has been the view that Zr does not fractionate from Hf and Nb does not fractionate from Ta in the formation of minerals and in all Earth processes. Recent studies, 15 however, have shown that this traditional view is in error. Up to 2 orders of magnitude fractionations have been observed in rocks from the world ocean floor and also in the seawater on various scales. I discuss some possible processes that may help explain such large fractionations, but further work is needed to test the 20 validity of these interpretations. Perspectives from the chemistry community are in compelling need to help address this basic problem of scientific significance in understanding the chemical differentiation of our planet. 25 
The theory
Victor Moritz Goldschmidt, Father of Modern Geochemistry (Mason, 1992) , recognized that behaviours of chemical elements in the formation of minerals and rocks are largely controlled by their ionic size and valence (Goldschmidt, 1937) . The type 30 examples are Zr-Hf and Nb-Ta elemental twins. Each of the two twins has the same valence (e.g., Zr 4+ and Hf
4+
; Nb 5+ and Ta 5+ ) and essentially the same ionic radii for a given coordination number (e.g., with CN = 6, , ; , ) in (all or almost all) Earth materials and 35 processes (Shannon, 1976) . As a result, there has been wide acceptance that Zr/Hf and Nb/Ta ratios should be the same as, or identical to, those of chondrite meteorites (assumed to represent the composition of the bulk Earth and the solar system) in all mantle and mantle derived rocks: Zr/Hf  36. 30 and Nb/Ta  40 17.6 (e.g. Jochum et al., 1986; Sun and McDonough, 1989 ; or Nb/Ta  19 as per Munker et al., 2003) although it has been noted that the Zr/Hf ratio varies in some carbonatites (Andrade et al., 2002) and is superchondritic (variably higher than chondritic ratio) in some alkali basalts (Dupuy et al., 1992) and that the bulk 45 continental crust has a subchondritic (lower than chondritic ratio) Nb/Ta ratio of 11-12 (Rudnick, 1995) .
Observations
Modern analytical technologies such as inductively coupled plasma mass spectrometry (ICP-MS) has enabled analysis of 50 most elements across the periodic table precisely and accurately in rocks and minerals at all concentration levels, and as low as parts per trillion (10 -12 ) . With this method, Niu and co-authors studied mid-ocean ridge basalts (MORB; Niu and Batiza, 1997; Niu and Hekinian, 1997) -rocks that form the world ocean crust 55 and cover ~ 70% of the Earth's surface -solidified from magmas produced by partial melting of mantle rocks along the > 55000 km long ocean ridge system that encircles the globe. They discovered that these rocks show a factor of 2 correlated variation between Zr/Hf (~ 25 to 50) and Nb/Ta (~ 9 to 18) (See Fig. 1a ). Furthermore, Niu (2004) showed that these two ratios in fact show over 2-orders of magnitude correlated variations in midocean ridge peridotites (MORP) (Fig. 1b) Zr/Hf correlation. I thus focus here on MORB, MORP and seawater because of their huge fractionations of these two elemental twins and because they represent volumetrically significant Earth materials -mantle rocks (MORP) and mantle-derived rocks (MORB) that 10 cover ~ 2/3 of the surface of the solid Earth and the oceans that dominate the Earth's hydrosphere. I hope to inspire testable hypotheses towards revealing the governing principles through a collaborative effort between the chemical and geological community. 15 All the above observations manifest that the prevailing theory in the geochemistry is invalid, at least in describing processes that have led to the formation of many rocks, especially MORB and MORP as well as seawater hydro-chemical or hydrodynamic processes. At present, the solid-Earth geochemistry community 20 assumes that the bulk Earth must have a chondritic Nb/Ta = 17.6 (or Nb/Ta = ~ 19, see above), and, on the basis of this assumption, interpret the subchondritic Nb/Ta ratio (i.e., < 17.6) of bulk continental crust (Rudnick, 1995) (2001) proposed that Nb is more siderophile (than Ta) and that the missing Nb in crustal rocks may be in the Earth's core (Kamber et al., 2003) . 30 All this points to the critical importance in understanding mechanisms that can cause Nb-Ta (and Zr-Hf) fractionation towards an improved understanding on how the Earth works in terms of both chemical and physical processes the planet Earth (maybe the entire solar system) may have experienced over its 35 history. The objective of this short article is to draw attention of chemists who may offer new perspectives on what may actually cause Zr-Hf and Nb-Hf fractionations, why and how. In the following, I summarize the current hypotheses on this problem. 
Discussion

Zr-Hf and Nb-Ta fractionations in MORB and MORP
Elements such as Nb, Ta, Zr and Hf are termed "incompatible" 45 elements in geology because they prefer to enter the melt over solid minerals during mantle melting or melt crystallization. This is defined by a parameter called bulk distribution coefficient , which is the concentration ratio of element M in the solid minerals over the melt at equilibrium 50 conditions. If , the element M is called incompatible. Obviously, if , then elements A is more incompatible than element B. ), and Nb is more incompatible than Ta (i.e., ) (Niu and Hekinian, 1997; Niu and Batiza, 1997). The same is also true in MORP data (Niu, 2004) . This is unexpected because of the same valence and similar/identical ionic size. Green et al. (2000) showed 65 experimentally that in the basaltic system the distribution between clinopyroxene (an effective mineral) and the melt gives 
and , which is qualitatively consistent with the observation and could explain the a factor of 2 Zr/Hf and Nb/Ta variation in the MORB data (Figs. 1a,3 ), but cannot explain the over 2 orders of magnitude variation in the MORP data (Fig. 1b) . There are more recent experimental data on 5 the relative incompatibility of these elements (Schmidt et 
Zr-Hf and Nb-Ta fractionations in seawater
The correlations between total silicate (expressed as Si[OH] 4 ) and Nb, Ta, Zr and Hf abundances in sweater allow Firdaus et al. (2011) to interpret that these elements in seawater must have derived from terrigenous sources (i.e., sediments derived from the 75 upper continental crust transported through rivers and wind dust). This interpretation seems reasonable, but cannot explain the unexpectedly large Zr/Hf and Nb/Ta variations (Fig. 2) without additional processes because Zr/Hf  36.4 and Nb/Ta 13.3 in upper continental crustal rocks (Rudnick and Gao, 2003) . 80 The positive correlation of Zr/Hf with increasing Zr in Fig. 4a resembles that seen in MORB (Fig. 3a) , but the negative correlation of Nb/Ta with Nb in Fig. 4b does not (see Fig. 3b ). This observation indicates that there must be different mechanisms at work in causing Zr-Hf and Nb-Ta fractionation. geographic locations (latitude and longitude in the Pacific), and because location-dependent variation is more fortuitous, we can examine how these elements and their ratios may vary as a function of water depth so as to gain insights into the mechanism of Zr-Hf and Nb-Ta fractionation. For convenience and to 5 average out effects including analytical uncertainties and location-dependent variations, we can choose to average the data with respect to water depth intervals as done in Fig. 5 with the averages also plotted in Fig. 4 . It is not shown, but significant curvilinear correlations exist between water depth and 10 abundances of Zr, Hf, Nd and Ta, which are best described in terms of a power-law relationship as given in the caption to Fig.  5 . However, the silicate nutrient (Si[OH] 4 ) does not correlate well with the abundances of these elements in having no clear increase with increasing water depth at depths greater than ~ 1200 m 15 below the sea surface. On the other hand, Zr/Hf and Nb/Ta ratios show only change with depth shallower than ~ 1000m, and maintain constant at greater depths. (Fig. 5) . It is obvious in Fig. 5 that the large Zr-Hf and Nb-Ta variation and fractionation in seawater takes place essentially within the 20 upper ~ 1000 m depth interval. If this is indeed the case, then the constant Nb/Ta (18.811.01) and Zr/Hf (2416) ratios at greater depths may be the net result of shallow level fractionation. It is possible that the large variation range of Zr/Hf and Nb/Ta (large 1 values in Fig. 5 ) at shallow water depth may be associated 25 with varying geographic locations. For example, those near the coastlines such as the Aleutian volcanic arc system to the north and the Tonga-New Zealand system to the south may receive land-derived sediments relative to locations far from the coastlines. There is likely also wind dust (ultimately also from 30 land surface) in shallow water.
However, upper continental crustal rocks have average Nb/Ta  13.3 and Zr/Hf  36.4 (Rudnick & Gao, 2003) , which are significantly lower than Nb/Ta = 13 -85 (with a mean of 32.9) and Zr/Hf = 46.5 -312 (with a mean of 137), respectively, in the 35 near surface seawater (Fig. 5) . That is, both the extent of Nb/Ta and Zr/Hf fractionation and the large variation range of these two ratios in the near-surface seawater cannot be explained by landderived materials. Shallow water biological (microorganisms) or biochemical activities are likely the primary cause for such large 40 Nb-Ta and Zr/Hf fractionation, but how they work is unknown and requires chemical and biochemical investigations.
The biochemical effect may be most intense at the surface and declines with depth to ~ 1000m, which would explain the systematic Nb/Ta and Zr/Hf variations with depth to that deep 45 level (Fig. 5) . If the microorganisms prefer to intake (in nonchondritic ratios) Ta (vs. Nb) and Zr (vs. Hf), this tendency can explain the decreasing Nb/Ta and increasing Zr/Hf in the dissolved seawater with depth shallower than ~ 1000 m (Fig. 5) . If the microorganisms demise at depth > 1000m, the biochemical 50 fractionation would cease. This possibility explains the constant Nb/Ta (18.11.01) and Zr/Hf (2416) in seawater at all depths deeper than ~ 1000m (Fig. 5) . Much of these elements may be absorbed on particles, whether biological remains or surface wind dust, and their solubility increase in seawater with depth (pressure 
Conclusions
Contrary to the traditional theory that elemental twins such as Nb-Ta and Zr-Hf should not fractionate from each other in all 60 Earth materials and through all Earth processes, in particular the Earth's mantle and mantle-derived rocks, these element twins do fractionate rather significantly as recorded in magmatic rocks such as MORB and mantle rocks like MORP, and as manifested in present-day seawater on a global scale. Mass-dependent 65 fractionation has been proposed to explain the Zr-Hf and Nb-Ta fractionation in Earth processes that form MORB and MORP, but this interpretations requires testing through carefully designed experimental investigations as well as isotopic analysis of multiisotope elements of varying mass levels like Ti (masses 46, 47, and Zr/Hf variations in seawater can be used as an effective proxy to monitor ocean circulation patterns. Although the latter is of fundamental scientific value, it remains in doubt whether these two ratios are useful in this regard without understanding the origin of the observed Nb-Ta and Zr-Hf fractionations. 90 It is well known that chemically to separate Zr from Hf and Nb from Ta is not trivial. For example, one way (without using organic solvents) to separate Zr from Hf is to form Zr-Hf-bearing fluoric complexes (e.g. K 2 [Zr,Hf]F 6 ), and then use the method of fractional crystallization because K 2 ZrF 6 is less soluble than 95 K 2 HfF 6 in water. Similarly, one way (without using organic solvents) to separate Nb from Ta also requires the formation of different fluoric complexes (e.g., K 2 [TaF 7 ] and K 2 [NbOF 5 ]) and uses their different solubility in water. In both cases, formation of fluoric complexes is a prerequisite, but except for the rather rare 100 pegmatitic environments (associated with very late stage granitic magma evolution), it is unlikely to form such fluoric complexes through Earth processes because of the difficulties in concentrating fluorine is all other Earth environments and processes.
105
Is there any other method to separate Zr from Hf and Nb from Ta without forming fluoric complexes? Perspectives from the chemistry community are in compelling need to help address this basic problem of scientific significance in understanding the chemical differentiation of our planet. 
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